We present the early clinical and radiological results of Articular Surface Replacement (ASR) resurfacings in 214 hips (192 patients) with a mean follow-up of 43 months (30 to 57). The mean age of the patients was 56 years (28 to 74) and 85 hips (40%) were in 78 women.
Resurfacing arthroplasty of the hip using metal-on-metal bearings is commonly offered to younger, active patients who require surgical intervention. In these patients the survival rates of implants after total hip replacement (THR) are relatively poor. 1, 2 In 2007, 9% of all primary hip arthroplasty procedures performed in England and Wales were resurfacings 3 and the advantages of this procedure have been well documented. [4] [5] [6] [7] [8] [9] The short-term outcome is comparable with that of THR in age-and gender-matched groups, 10 and the patients have higher levels of activity and a better quality of life. 11, 12 Hip resurfacing has provided excellent success rates in young patients with osteoarthritis (OA) in specialist centres. [13] [14] [15] The medium-term results from independent units have corroborated these findings. [16] [17] [18] Fracture of the neck of the femur is thought to be the most common complication, with reported rates ranging from 0% to 6%. 10, [13] [14] [15] 19, 20 Other modes of failure include osteonecrosis of the residual head and, of particular concern, reactions to metal wear debris resulting in persisting pain, 'pseudotumours' and softtissue destruction. 6 , [21] [22] [23] A number of specific modifications in design have been made to the latest generation of implants in an attempt to improve implantation, function and survival. 24, 25 The Articular Surface Replacement (ASR) (DePuy International Ltd, Leeds, United Kingdom) has a low diametrical clearance (mean 100 μm) to reduce metal wear, a subhemispherical design of the acetabular component to preserve acetabular bone stock and an internal geometrical taper of the femoral head of 3° to improve seating. 26 The femoral stem is thinner and over-reamed to reduce the risk of stress-shielding 20 and narrowing of the neck, which has been described in other designs. 27, 28 Currently, this prosthesis is the second most commonly implanted resurfacing design in England and Wales. 3 Data from the designers' series of 300 ASRs have only been reported for a mean follow-up of 202 days 20 and no mid-term findings have been published. Emerging data from national joint registers have shown early revision rates for resurfacing implants to be higher than anticipated but the reasons for this remain unknown. 3, 29 This study describes our experience of using this design of prosthesis.
Patients and Methods
Between April 2004 and September 2006, 214 consecutive hips in 192 patients were resurfaced using the ASR by the senior author (AVFN). Details of the patients, their diagnoses, the American Society of Anaesthesiology (ASA) grade 30 and the Charnley walking grade 31 were recorded (Table I) . A consultant radiologist assessed the Ficat stage of patients with avascular necrosis (AVN). 32 The mean age at the time of surgery was 56 years (28 to 74). There were 114 males (129 hips) and 78 females (85 hips), with 22 patients receiving bilateral resurfacing. Of these, 12 had staged operations at a mean of eight months between procedures (3 to 13).
There were no specific selection criteria, but physiologically young and active patients with hip disease requiring surgical intervention were considered for resurfacing. Women over 65 years and men over 75 years of age were not routinely offered the procedure. There was an expectation that patients offered resurfacing would return to a reasonably active lifestyle, including sports in many cases. Resurfacing was not considered in patients with renal dysfunction. Radiological evidence of considerable cystic change in the femoral head was not a contraindication to resurfacing. The final decision on whether to procede to resurfacing or THR was based on the intraoperative findings. The quality of bone was assessed on plain radiographs by the senior author and the patients were not routinely scanned for osteoporosis. None reported previous sensitivity reactions to metal.
The results of contemporary metal-on-metal articulations were discussed with the patients before operation and as information regarding complications from metal debris became available, this was mentioned. The risk of fracture of the femoral neck was quoted as 1% and the options for revision were explained. All the patients agreed to prospective clinical and radiological follow-up. Operative technique. All the procedures were performed through a posterior approach with detachment of the short external rotators. The acetabulum was prepared by underreaming by 1 mm according to the manufacturer's recommendations. The acetabular component was then inserted firmly by press-fit in 45° of inclination and 15° to 25° of anteversion. The femoral head was sized according to the diameter of the neck and reamed with care to avoid notching of the neck. The stem of the femoral component was placed between 0° and 10° of valgus to reduce the risk of fracture of the neck. 33 Any cysts in the head were filled with graft using reamed bone when necessary. Low-viscosity vacuum-mixed cement was used to secure the femoral component to the reamed femoral head. This was then reduced and the external rotators reattached. The wound was closed in layers without a drain.
The patients were given second-generation cephalosporin pre-operatively and for a further two doses postoperatively. In order to reduce the risk of thromboembolism, all the patients wore calf pumps during their stay in hospital and compression stockings for six weeks from the day of surgery. High-risk patients were given subcutaneous low-molecular-weight heparin for one week, as defined by hospital guidelines. Post-operatively, the patients were allowed to bear full weight immediately unless there were large cysts in the femoral head which had been grafted or if the neck had been notched, when the use of crutches and touch weight-bearing was advised for six weeks. All were told to avoid high-impact sports such as jogging, tennis and squash for six months, after which such restrictions were lifted. The design of the prosthesis and the surgical technique did not change throughout the period of study. Clinical outcome. Pre-operative clinical assessment was performed using the Harris hip score (HHS) 34 and the University of California, Los Angeles (UCLA) activity score. 35 These scores were repeated post-operatively at annual intervals. After two years, the patients were also asked to rate their satisfaction with the procedure on a five-point scale (0, not satisfied, 1 minimally satisfied, 2 moderately satisfied, 3, satisfied to 4, extremely satisfied), and to indicate if they could undertake all the activities which they had hoped to be capable of after surgery. Radiological assessment. Digital standing anteroposterior (AP) pelvic radiographs were taken pre-operatively and before discharge after surgery, after three and 12 months and annually thereafter. Care was taken to ensure that the patients were correctly positioned in order to minimise pelvic rotation. AGFA IMPAX ES Web 1000 version 5.1 (Agfa-Gevaert Group, Mortsel, Belgium) and Einzel-BildRoentgen-Analyse (EBRA, University of Innsbruck, Innsbruck, Austria) software were used for analysis throughout the study. All the angles reported were measurements from radiographs and may have differed from the articular and intraoperative angles. 36 All radiological measurements were performed by two of the authors (SSJ, DJL) and the mean values taken. The neck-shaft angle, the stem-shaft angle and the stem-neck angle were measured using the AGFA software (Fig. 1a) . The position of the acetabular component as to anteversion and inclination was measured using the EBRA software, which has previously been described and validated for this group of patients (Fig. 1b) . 37 We noted radiolucent lines measuring over 1 mm around the acetabular component in the zones of DeLee and Charnley, 38 as modified by Beaulé et al, 39 and around the femoral stem in the zones of Amstutz et al 40 ( Fig. 2) . Thinning of the neck was calculated using component head:neck ratios to avoid errors due to magnification (Fig. 3) . 40 The percentage of thinning at follow-up could then be accurately calculated from the immediate post-operative diameter of the neck. Thinning of the neck and radiolucency around the components were assessed on radiographs taken two years after the procedure (209 hips). Radiographs were also assessed for heterotopic ossification (HO) according to the classification of Brooker et al 41 ( Table II) .
Hips which had been revised were excluded from postoperative functional analysis if the revision occurred before 49 ( 
Results
No patients were lost to follow-up. There were no deaths, but 12 hips were revised (5.6%). There were four acute fractures (1.9%), and in two hips (0.9%) the femoral head had collapsed (0.9%) secondary to AVN. One patient had a late fracture after two years associated with gross metallosis. Five (2.6%) had a post-operative HHS below 50 at two years and, because of persistent pain restricting activity, have subsequently been revised. Five hips were revised before the assessment at two years. The clinical results were therefore based on the remaining 209 hips in 187 patients. The mean HHS improved from 52 (11 to 81) pre-operatively to 95 (45 to 100). An excellent HHS, defined as 90 or above, occurred in 182 (87%). The mean UCLA activity score improved from 3.9 (1.0 to 10.0) pre-operatively to 7.4 (2.0 to 10.0) at two years and the mean hip flexion, as part of the HHS analysis, from 71° (30° to 110°) to 103°( 45° to 140°) during the same interval. A high satisfaction score (3 or 4) for the outcome was reported in 192 (92%) and 161 (77%) were able to perform all the activities which they had anticipated doing after the surgery. The results are summarised in Tables I and III . Radiological analysis. The acetabular component was placed at a mean inclination of 49° (31° to 67°) with a mean of 20°( 3° to 29 °) of anteversion. At two years, 124 hips (59.3%) had evidence of thinning of the neck, all within 10% of the original width. Two hips had lucent lines in two or more zones around the acetabular component. One of these patients subsequently required revision for pain. In addition, a hip revised for fracture of the femoral neck before the twoyear review had acetabular lucencies in all four zones, but these had been present since implantation and the acetabular component was not found to be loose at revision. There were no other hips with lucent lines in two or more zones around the femoral stem. Heterotopic ossification (HO) was seen around 94 hips (44%), all of which were Brooker grade I and II.
Complications. Superficial wound infection occurred in eight hips and was successfully managed with antibiotics. A further patient on long-term treatment with warfarin for a mechanical cardiac valve, developed a deep wound infection which was treated by surgical debridement and antibiotic therapy for six weeks. The implant was retained and at two years after the procedure his HHS was 90. There was one case of deep-vein thrombosis which was treated with warfarin for six weeks. No implant was removed because of infection and there were no dislocations.
Revisions. In four patients (two men, two women) early fracture of the femoral neck was observed at a mean of 10 months (2 to 24) after operation. In each case, there was a sudden onset of pain, with no history of trauma. Two occurred within three months of operation and these patients were excluded from the one-year clinical followup. Of the 12 hips noted to have sustained a notch in the femoral neck, three went on to fracture, two within three months. A further two patients had increasing discomfort from their resurfaced hip in which the initial radiographs had been unremarkable. They subsequently developed collapse of the femoral head as a result of AVN, confirmed on histological analysis, and were revised. The six patients with early failure of the femoral head or neck had a femoral revision to an uncemented THR comprising a modular ASR XL (DePuy International Ltd) head and an S-ROM (DePuy International Ltd) femoral stem. The acetabular component was left in situ. There was no evidence of excess metal wear or metallosis and, at a mean of 24 months (13 to 31) after revision, the mean HHS was 82 Radiograph showing a) measurement of the neck-shaft angle on the contralateral hip for illustrative purposes only, the stem-neck angle (SNA) and the inclination angle (IA) (SSA, stem-shaft angle, NSA, neck-shaft angle) and b) calculation of the anteversion angle using EBRA software. (48 to 99) and the mean UCLA activity score was 6 (4 to 8) in five of these patients. Despite their complications four patients stated that they were extremely satisfied with their outcome. One of the six patients had ongoing pain after revision and eventually underwent a second revision to a ceramic-bearing THR.
One man had a late fracture of the femoral neck at 35 months. The hip became painful suddenly and rapidly worsened. There was no history of trauma. The CT confirmed the fracture. At revision there was gross black staining and necrosis of the soft tissue.
A further five women had a revision because of persistent severe pain. At the two-year follow-up their HHSs were poor (50, 42, 35, 30 and 27, respectively). The symptoms and clinical findings were similar in all five, although the time of onset of pain varied. Three had an early and progressive deterioration in symptoms. The others were initially extremely satisfied and then gradually began to have pain in the groin at between two and 28 months after the procedure. Haematological screening for infection was normal and each patient underwent aspiration of the hip under fluoroscopic guidance. The aspirations yielded differing volumes of milky green/grey fluid. At revision in all five patients there was gross swelling of the pseudocapsule caused by an accumulation of the fluid, which was bathing the implant and tracking into the psoas tendon. One acetabular component was found to be loose with radiolucent lines in three zones.
Histopathological analysis of tissue samples from the five women with unexplained pain and the man with the late fracture showed tissue necrosis in all patients. All viable tissue samples had areas with high numbers of lymphocytes forming cuffs around vascular tissue. Synovial ulceration was also frequently seen. The tissue and fluid samples failed to culture organisms in any of the patients.
All the patients with evidence of metal wear debris, including the late fracture, had revision to ceramic-bearing THRs with a rapid and sustained improvement in symptoms (Table IV) . The revisions with evidence of metal wear debris have been analysed in detail in a further study.
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Survivorship. Kaplan-Meier survival analysis showed a survival rate of 93% (95% confidence interval (CI) 80 to 98) at a mean of 43 months with 202 hips remaining at risk (Fig. 4a) . Small acetabular components had been used in nine of the 12 failures. Further survival analysis on 'large' (≥ 56 mm) and 'small' (< 56 mm) acetabular components showed that large components had a greater survival rate (97% (95% CI 80 to 98) compared with 89% (95% CI 82 to 96); Fig. 4b ). There were no failures in men < 55 years of age.
Discussion
The functional outcome in patients treated using the ASR system mirrors the satisfactory outcomes following other types [13] [14] [15] of resurfacing. The patients reported extremely high subjective satisfaction scores. However, the revision rate of 5.6% in our series is a concern. The early fracture rate of 1.9% was comparable to reports in the literature 10,13-15,19,20 from units using other implants. Radiograph showing the radiolucent zones of DeLee and Charnley 38 (acetabular side, modified by Beaulé et al, 39 I to IV) and of Amstutz et al 40 (femoral stem, 1 to 3). Shimmin and Back 19 showed that notching of the femoral neck was a risk factor for the development of a fracture of the neck. In our series three of the 12 patients who had a notch in the femoral neck at the time of surgery subsequently sustained a fracture.
In their review of fractures following Birmingham Hip Resurfacing (BHR, Smith and Nephew, Warwick, United Kingdom), Shimmin and Back 19 found that all fractures occurred within one year but in our patients two of four fractures occurred later than this. All four patients had a neck-shaft angle of less than 130°. As part of the radiological selection criteria for hip resurfacing, it is desirable to have a higher neck-shaft angle of the femur in order to reduce the possible risk of fracture of the femoral neck.
Siebel et al 20 followed up a series of 300 ASRs for a mean of only 202 days and the outcome scores were measured at three months. After primary THR, the outcome scores do not plateau until 12 to 18 months after surgery. 43 Siebel et al 20 had a revision rate of 2.7% at this early stage, with five fractures of the neck (1.7%) and three revisions (1%) of the acetabular component. All the fractures occurred within four months of the procedure and 95% of their patients were satisfied. Despite our failure rate at a mean of 43 months being approximately twice that quoted by Siebel et al, 20 the rates of fracture of the femoral neck are similar, at 1.9%. However, Siebel et al 20 described only one revision for pain and the macroscopic changes in tissue were not discussed.
Despite the potential benefits of metal-on-metal bearing surfaces, such as reduced volumetric wear, a lower risk of osteolysis and less aseptic loosening compared with metal articulating against polyethylene 44 there remain concerns. 45 Local and systemic effects of high amounts of debris from metal wear are yet to be fully understood. [45] [46] [47] [48] In our series five patients had persistent severe pain with poor outcome scores related to metallosis. A further patient had a late fracture associated with gross metal wear. At revision all patients showed similar macro-and microscopic tissue changes. In the 1970s there was a high incidence of unexplained metal-on-metal THR failure in patients who were sensitive to metallic patch testing. 49 Sweetnam 50 described an immune reaction in the deep tissues around buried cobalt and chromium metals which was thought to lead to obliterative vascular changes, local bone necrosis and loosening of the metal prosthesis. More recently, Willert et al 21 described an aseptic lymphocyte-dominated vasculitis-associated lesion in the tissue around metal-on-metal bearings. Analysis of tissue removed during revision of metal-on-metal had previously shown that most tissue had perivascular infiltration of lymphocytes, an accumulation of plasma cells and macrophages and tissue ulceration, which was not previously described in metal-on-polyethylene revisions. 51 The histo- logical changes identified on samples taken from the failed patients in our series were similar. Persistent undiagnosed pain may be caused by excessive inflammatory fluid around the hip, possibly resulting from a reaction to metal wear debris.
52,53
The Australian Joint Registry reported in 2007 that the ASR and the Durom resurfacing device (Zimmer, Warsaw, Indiana) had twice the revision rate of other resurfacing implants. 29 Siebel et al 20 defined a learning curve in implanting the first 300 ASRs with a revision rate of 5% in the first 100 and of 1% in the final 100. However, we found that not all failures related to metal wear debris occurred before two years. Worryingly, we therefore expect the rate of failure to increase with time.
The latest generation of resurfacing devices, such as the ASR, have a number of perceived advantages of design over previous generations, such as a subhemispherical acetabular component and lower clearance between components. However, low clearance may actually increase metal wear and the subhemispherical design could increase the risk of edge loading of the acetabular component, especially in malpositioned, small components. 54 All fractures related to metal wear debris had a high inclination (49° to 61°) and anteversion angle (19° to 30°) for the acetabular component compared with the mean values for the group as a whole (49°a nd 20°, respectively). These findings were similar to those of Hart et al 55 in a series of patients with painful hip resurfacing.
Narrowing of the femoral neck as a result of stress shielding has been associated with late fracture in earlier resurfacing designs. 56 Narrowing has been identified in 90% of patients with the Cormet 2000 (Corin, Cirencester, United Kingdom) and in 77% of those with a BHR. 27, 28 Both studies suggested that thinning only occurred in the first three years. In the latter group 28% had thinning of more than 10%, but there was no increase in the rate of fracture. 27 However, historical data suggest that fractures can occur later than this. 56 We observed thinning of the neck in 60% of our hips at a mean of 43 months, but found that no hip had thinning of more than 10%. This may be a consequence of the design changes to the internal geometry of the femoral component, which allows more even distribution of stresses, and the use of a non-load bearing stem, unlike other systems.
In our series, radiological evidence of HO was seen in a similar proportion of hips (44%) to that reported after implantation of the Durom prosthesis. 57 However, unlike with the Durom, our patients had HO of only Brooker grades I and II.
An observational study from a single surgeon has obvious limitations. However, this in-depth analysis has allowed causes of failure to be explored, which is not always possible with joint registers. Our patients experienced a high rate of failure compared with that of specialist centres, and with those using other designs of implant but our findings for the ASR mirrored those described in the Australian 29 and England and Wales registries. 3 Failure of the implant was multifactorial, and extensive analysis of the in vivo experience is crucial to establish firm associations. Strict selection criteria are crucial for reducing complications. It could be argued that changes to our criteria could improve the outcome. However, there are encouraging results in the literature for the use of hip resurfacing in end-stage AVN 58, 59 and in men over 60 years of age. 60, 61 At our centre we therefore continue to offer this procedure to patients in these groups, albeit cautiously. In addition, we have identified factors, such as the small size of the femoral component and the suboptimal positioning of the acetabular component, which elevate whole blood levels of metal ions 37 and reduce functional outcome scores. 62 We have been able to modify our selection criteria and surgical technique, based on these studies, with the hope of improving the survival of the implant.
The National Institute for Clinical Excellence 63 in the United Kingdom considers a resurfacing device appropriate for young, active patients under 65 years of age who would otherwise receive a conventional THR, but who are likely to outlive all currently available THR implants. It states that surgeons should choose a device for which there are data available for at least three years. Assumptions on the longevity of the implant of new prostheses should not be based on other similar resurfacing designs. Our data describe an unacceptably high rate of failure for small ASR components, and we have therefore ceased to use it in patients requiring an acetabular component smaller than 56 mm. This represents around 90% of our female patients in this group. After modifications to our selection criteria and surgical technique, we are continuing to use the larger components in the context of a prospective, independent study, given the encourging results in this group and the low levels of metal ions.
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